The heat-inducible expression system has been widely used to produce recombinant proteins in Escherichia coli. However, the rise in temperature affects cell growth, activates the bacterial Heat-Shock Response (HSR), and promotes the formation of insoluble protein aggregates known as inclusion bodies (IBs). In this work, we evaluate the effect of the culture scale (shake flasks and bioreactors) and induction temperature (39 and 42°C) on the kinetic behavior of thermoinducible recombinant E. coli ATCC 53606 producing rESAT-6 (6-kDa early-secretory antigenic target from Mycobacterium tuberculosis), compared with cultures grown at 30°C (without induction). Also, the expression of the major E. coli chaperones (DnaK and GroEL) was analyzed. We found that almost twice maximum biomass and rESAT-6 production were obtained in bioreactors (~3.29 g/L of biomass and~0.27 g/L of rESAT-6) than in shake flasks (~1.41 g/L of biomass and~0.14 g/L of rESAT-6) when induction was carried out at 42°C, but similar amounts of rESAT-6 were obtained from cultures induced at 39°C (~0.14 g/L). In all thermoinduced conditions, rESAT-6 was trapped in IBs. Furthermore, DnaK was preferably expressed in the soluble fraction, while GroEL was present in IBs. Importantly, IBs formed at 39°C, in both shake flasks and bioreactors, were more susceptible to degradation by proteinase-K, indicating a lower amyloid content compared to IBs formed at 42°C. Our work presents evidence that the culture scale and the induction temperature modify the E. coli metabolic response, expression of chaperones, and structure of the IBs during rESAT-6 protein production in a thermoinducible system.
Background
A wide variety of recombinant proteins (RP) with pharmaceutical applications are produced using the Escherichia coli bacteria owing to its fast growth on inexpensive substrates, wellstudied genetics, availability of several mutant strains and vectors, and its high productivity compared to another cells (Baneyx 1999; Baneyx and Mujacic 2004; Baeshen et al. 2015; Sánchez-García et al. 2016 ). However, this bacterial factory tends to promote protein aggregation under heterologous protein overexpression, stress conditions, and shortage of chaperones (Gatti-Lafranconi et al. 2011; Mitraki and King 1989; Valdez-Cruz et al. 2010; Valdez-Cruz et al. 2011; de Marco et al. 2018) . The aggregates of RP are called inclusion bodies (IBs) (Williams et al. 1982) , which are electron-dense and dynamic particles with spherical/cylindrical shapes of size ranging from 50 to~800 nm Bowden et al. 1991; Carrió and Villaverde 2002; Carrió and Villaverde 2003; Margreiter et al. 2008; Baig et al. 2014; Calcines-Cruz et al. 2018; de Marco et al. 2018) . For many years, formation of IBs was considered an undesired event during production of soluble proteins; however, nowadays biologically active heterologous proteins can be obtained from IBs (García-Fruitós et al. 2007; García-Fruitós 2010; Peternel et al. 2008; Rinas et al. 2017; de Marco et al. 2018) . IBs have different arquitecture and composition depending on the RP produced, host strain background, culture medium, and environmental conditions, such as temperature, culture time, pH, and inductor concentration (Strandberg and Enfors 1991; Jürgen et al. 2010; Baig et al. 2014; Castellanos-Mendoza et al. 2014; Przybycien et al. 1994; García-Fruitós et al. 2011; Calcines-Cruz et al. 2018; de Marco et al. 2018) . Temperature-induced systems are widely used to produce high amounts of RP and reduce production costs, even at large scale (Valdez-Cruz et al. 2010; Valdez-Cruz et al. 2011) . The thermoinducible system used in E. coli is λpR/pL-cI857, which is based on the insertion of a gene of interest into vectors containing the strong pR and/or pL promoters and the thermolabile mutant repressor cI857 from λ bacteriophage that blocks the transcription of RNA polymerase at temperatures below to 37°C (Villaverde et al. 1993; Dodd et al. 2004; Lieb 1966; Villaverde et al. 1993; Menart et al. 2003) . The thermoinduction culture strategy consists of a growth phase between 28 and 32°C and a subsequent production period between 38 and 42°C (Valdez-Cruz et al. 2010; ValdezCruz et al. 2011; Caspeta et al. 2013) . This system avoids the use of special media, antibiotics, or chemical inducers, such as IPTG (isopropyl-β-D-1-thiogalactopyranoside), which may be expensive and toxic to cells and humans (Miroux and Walker 1996; Kosinski et al. 1992) . Thus, the risks of contamination by manipulation are minimized since temperature is controlled externally (Makrides 1996; Remaut et al. 1981; Caspeta et al. 2009 ).
The overproduction of RP stimulates the formation of IBs, and a rise in temperature can negatively affect cell growth and trigger the Heat-Shock Response (HSR) (Gill et al. 2000; Zhao et al. 2005; Valdez-Cruz et al. 2011) . In E. coli, the HSR is regulated by an alternative RNA polymerase sigma factor (σ 32 ) that controls the expression of genes encoding the Heat-Shock Proteins (HSPs) (Grossman et al. 1987) . HSPs assist the assembly of proteins by sensing and responding to the folding state through interactions with nascent polypeptide chains and aggregates (Gill et al. 2000; Jürgen et al. 2000; Hoffmann and Rinas 2000; Carrió and Villaverde 2005; Smith 2007 ). Depending on their activity, the HSPs have been classified into the following three groups: (1) folding HSPs that include the trigger factor (TF) and the DnaK/DnaJ and GroEL/GroES chaperones; (2) stabilizing HSPs that include the small chaperones IbpA and IbpB; and (3) disaggregating HSPs of the ClpB family (Baneyx and Mujacic 2004) . Particularly, DnaK and GroEL bind to the hydrophobic residues of polypeptide chains and work cooperatively to catalyze their de novo folding through ATP-driven conformational changes (Gragerov et al. 1992; Hayer-Hartl et al. 2015) . A transcriptomic analysis showed that mRNA levels of DnaK and GroEL increased several times when cultures were thermoinduced at 38 and 42°C, compared to the levels at 30°C (Caspeta et al. 2009; Valdez-Cruz et al. 2011) . Moreover, DnaK and GroEL have been identified in association with IBs of E. coli by in situ immunodetection (Carrió and Villaverde 2005) or 2D gels (Hoffmann and Rinas 2000) .
The 6-kDa early-secretory antigenic target (ESAT-6) produced by Mycobacterium tuberculosis (Mtb) is a small protein composed of 95 amino acids. This protein is encoded by the esxA gene that is in the RD1 region of the virulent Mtb genome (Berthet et al. 1998 ) but was deleted from all subgroups of virulent Mycobacterium bovis and attenuated M. bovis (BCG) (Mahairas et al. 1996) . ESAT-6 stimulates the production of interferon gamma (IFN-γ) from T lymphocytes (Van Pinxteren et al. 2000; Brock et al. 2001; Araujo et al. 2008; Pimienta-Rodríguez et al. 2012 ) and participates in the increase of IL-4 and IL-10 levels, contributing to the development of anti-tuberculosis immunity (Torabi et al. 2013 ). ESAT-6 has been proposed to be used as a diagnostic tool and for innovative vaccines against tuberculosis (Van Pinxteren et al. 2000; Brock et al. 2001; Brodin et al. 2004; Nemes et al. 2019) . The production of rESAT-6 in E. coli by IPTG induction has been achieved in IBs with low productivities (Meher et al. 2006; Vutla et al. 2011; Peng et al. 2016) . Also, rESAT-6 has been detected in the soluble fraction of E. coli using low IPTG concentration (0.1 mM/L) and low temperature (28°C) (Pimienta-Rodríguez et al. 2012) . The tendency of ESAT-6 to aggregate has been related to its structure because this protein has a hydrophobic nature with high content (~56%) of α-helical structures (Renshaw et al. 2002) . This feature allows ESAT-6 to form a thermodynamically stable heterodimer with CFP10, another Mtb antigen, important for the secretion of both native proteins (Meher et al. 2006) .
In the present study, we evaluated the soluble and insoluble production of rESAT-6 in E. coli (Migula) Castellani and Chalmers ATCC® 53606™ and the expression of the chaperones DnaK and GroEL using shake flasks and bioreactors at two different induction temperatures (39 and 42°C). We also quantified the biomass growth, glucose consumption, and acetate production, monitoring pH and dissolved oxygen tension. Additionally, we determined the extractability of proteins from the IBs through evaluation of their susceptibility to proteolytic degradation.
Methods
Bacterial strain, culture media, and culture conditions E. coli (Migula) Castellani and Chalmers ATCC® 53606™ that constitutively expresses the temperature-sensitive cI857 repressor was used and was transformed with pdeltablue (ATCC® 77334™) plasmid encoding the native ESAT-6 (GenBank accession number FJ014499), with an optimized gene sequence under the control of the lambda pL promoter. About 200 μL aliquots of cryopreserved recombinant E. coli (− 70°C) with optical density (OD 600 nm ) of 1.6 AU (absorbance units) were used as pre-inoculum in shake flasks, incubated overnight at 30°C and 200 rpm (New Brunswick Scientific Classic C25, Orbital shaker, USA).
Both shake flasks and bioreactor cultures were grown on defined medium described previously by Caspeta et al. (2013) with some modifications. Composition in distilled water (g/L) is as follows: (NH4) 4 , and trace elements were separately sterilized and added to the medium once it was cold. Thiamine, casamino acids, and ampicillin solutions were sterilized by filtration through 0.22 μm filters (mixed cellulose ester membrane filter, Merck-Millipore, Billerica, MA, USA) and added to the medium just before the inoculum.
Experimental cultures in shake flasks were grown in 250 mL conventional Erlenmeyer flasks with 20% of filling volume (50 mL of culture medium, Duran® Erlenmeyer flask, narrow neck, Borosilicate Glass, USA) using initial OD 600 nm of 0.1 AU at constant agitation rate (200 rpm). The inoculum volume required was calculated and sterile-pipetted in each shake flask. Dissolved oxygen tension (DOT) measurement in shake flasks during culture was recorded online using the oxygen optical meter Fibox 3 coupled to PSt3 sensor (PreSens Precision Sensing GmbH, Germany) (Reynoso-Cereceda et al. 2016 ). Measurement of pH was done offline using a Corning 430 pH meter (Corning, NY, USA).
Bioreactor experiments were inoculated with overnight shake flask cultures at an initial OD 600 nm of 0.1 AU, and the inoculum volume was calculated and sterile-pipetted into the bioreactor. Bioreactor cultures were instrumented with pH, DOT, and temperature sensors (Applisens, Applikon Biotechnology, Netherlands) controlled by ADI-1010 Biocontroller, and data acquisition was followed online (BioXpert® Software, Applikon Biotechnology, Netherlands). DOT was controlled at 35% of air saturation by cascade changing the agitation speed (between 100 and 1000 rpm) and maintaining the airflow at 1.0 L/min (1 vvm) by using a proportional-integral-derivative (PID) control strategy (Trujillo-Roldán et al. 2001) . The pH was maintained at 7.0 ± 0.4 by using an automatic addition of NaOH or HCl (3 M) through an on-off control strategy. Temperature was controlled by PID with a heating jacket.
Thermal-induction of recombinant protein
Shake flasks and bioreactor cultures were grown at 30°C until pre-stationary growth phase. The induction of the expression of rESAT-6 was started by a shift from 30 to 39°C or 42°C when culture reaches OD 600 nm of 1.4-2.0 AU (5 h) in shake flask cultures and 3.0-4.0 AU (6 h) in bioreactor cultures. The heating rate was 0.5°C/min in bioreactors and 0.2°C/min in shake flasks.
Analytical methods
Bacterial growth of E. coli ATCC® 53606 (rESAT-6) was determined by measuring the OD 600 nm (Spectronic Genesys 20, Thermo Fisher Sci., Waltham, MA, USA). The OD was converted to dry cell mass through a linear correlation standard curve. For E. coli ATCC® 53606, one absorbance unit was equivalent to 0.31 ± 0.05 g/L of cell dry weight. Biomass was recovered and determined by gravimetry by centrifugation at 7000 ×g for 10 min and filtered (0.22 μm mixed cellulose ester pre-weighed membrane filter, Merck-Millipore, Billerica, MA, USA). The supernatant (1.0 mL) was used to measure glucose concentration using the Biochemistry Analyzer YSI 2900 (YSI Life Sciences, Yellow Springs, OH, USA). Acetate was quantified by high-performance liquid chromatography (HPLC; Shimadzu, Kyoto, Japan) using an Aminex HPX-87H column (300 × 7.8 mm, 9-μm internal diameter; Bio-Rad, Hercules, CA, USA), at 0.6 mL/min (mobile phase: H 2 SO 4 0.008 N) and 30°C, and UV detection at 210 nm. Data analysis was done using the LCsolution software (Shimadzu, Kyoto, Japan). The commercial organic acid analysis standard was used as recommended by the supplier (Catalog No. 125-0586, Bio-Rad, USA).
Separation of the soluble and insoluble protein fractions and inclusion body purification
Biomass was recovered by centrifugation of the bacterial culture at 10,000 ×g for 10 min, and the wet weight of the pellet was determined. The cell pellet was resuspended in BugBuster™ (Merck-Millipore, Billerica MA, USA) by gently pipetting (5.0 mL reagent per gram of wet cells), and 1.0 μL (25 units) Benzonase per 1.0 mL of BugBuster™ and 1.0 mM PMSF were added. Cell suspension was agitated constantly for 20 min at room temperature and centrifuged at 16,000 ×g for 20 min. The supernatant corresponded to cytoplasmic soluble proteins (S in Figs. 3 and 4) and the pellet to insoluble proteins (I in Figs. 3 and 4). This pellet was resuspended in the same previous volume of BugBuster™ and a solution of Lysozyme (Sigma, St. Louis, MO, USA) to a final concentration of 200 μg/mL and incubated for 5 min at room temperature. Six volumes of diluted BugBuster™ in deionized water (1:10) were then added and mixed by vortexing for 1 min. This solution was centrifuged at 16,000 ×g for 15 min, and the supernatant was removed. The pellet was resuspended in half the original volume of 1:10 diluted BugBuster™, mixed, and centrifuged at 16,000 ×g for 15 min twice. Finally, the pellet was washed twice with deionized water by centrifuging at 16,000 ×g for 15 min, and the purified IBs were stored at − 20°C.
Analysis of recombinant protein expression by SDS-PAGE and Western blot
The rESAT-6 production was analyzed in soluble fraction (S) and IBs using 18% SDS-PAGE (Sambrook et al. 1989 ). The protein concentration was determined by Bradford (Bradford 1976 ; Bio-Rad, Hercules, CA, USA). Calibration curves were obtained using bovine serum albumin (BSA), and the samples were suspended in isoelectric focusing (IEF) buffer (1:5). Absorbance was measured at 600 nm in a 96-well plate reader (Stat Fax® 4200, Awareness Technology, Inc., Palm City, FL, USA). Samples were analyzed in biological duplicates and by technical duplicates. SDS-PAGE were stained with Coomassie Brilliant Blue R-250 (Bio-Rad, Hercules, CA, USA), and the excess dye was removed using a solution containing 10% acetic acid, 50% methanol, and water. Quantification was done by densitometry in the SDS-PAGE using the Image-Lab™ software and Gel Doc™ EZ Imager (Bio-Rad, Hercules, CA, USA).
Proteins in the gel were transferred to a polyvinylidene difluoride (PVDF) membrane (Merck-Millipore, Billerica, MO, USA) using semi-wet system (Bio-Rad, Hercules, CA, USA). Membrane was blocked with 5% dry milk in 1× Tris-buffered saline (TBS) buffer for 40 min, washed twice with washing solution (TBS + 0.06% Tween 20), and incubated with anti-ESAT-6 rabbit polyclonal antibody (Cat. No. PA1-19446, Thermo Fisher Sci., Waltham, MA, USA) for 50 min. Three washes (TBS + 0.06% Tween 20) were made followed by incubation with HRP-conjugated anti-rabbit IgG as the secondary antibody (Cat. No. A0545, Merck-Sigma-Aldrich, St. Louis, MI, USA) for 50 min. The bands were detected by chemiluminescence using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Sci., Waltham, MA, USA) and visualized using the C-DIGIT blot scanner (LI-COR, Lincoln, NE, USA). A home-made luminescent strip put on top of PVDF membrane for immunoreactive protein detection was used and arranged in the same place as the SDS-PAGE molecular weight marker. The SDS-PAGE and Western blots were made for each culture independently, and the repeats are shown in Supplementary Figs . 1S and 2S.
Identification of chaperones DnaK and GroEL by immunoblotting
The PVDF membranes were incubated with the respective anti-chaperone primary antibody. First, each membrane was blocked (5% dry milk in TBS 1× for 40 min) at room temperature, washed twice with TBS + 0.06% Tween 20, and incubated with anti-DnaK mouse polyclonal antibody (Cat. No. ADI-SPA-880, Enzo Life Sciences, Farmingdale, NY, USA). After 1 h, HRP-conjugated anti-mouse IgG was used as the secondary antibody (Cat. No. A9044, Merck-Sigma-Aldrich, St. Louis, MI, USA). Similarly, we used the anti-GroEL rabbit primary antibody (Cat. No. ADI-SPA-875, Enzo Life Sciences, Farmingdale, NY, USA) and HRP-conjugated antirabbit IgG as the corresponding secondary antibody (Cat. No. A0545, Merck-Sigma-Aldrich, St. Louis, MI, USA). The immunoreactive proteins were revealed by chemiluminescence using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Sci., Waltham, MA, USA) and visualized using the C-DIGIT blot scanner (LI-COR, Lincoln, NE, USA). A home-made luminescent strip put on top of PVDF membrane for immunoreactive protein detection was used and arranged in the same place as the SDS-PAGE molecular weight marker.
Proteolytic digestion of inclusion bodies
IBs obtained were subject to proteolytic digestion as previously reported by Castellanos-Mendoza et al. (2014) using proteinase-K (Merck-Sigma-Aldrich, St. Louis, MI, USA) at 12 μg/mL (final concentration). Digestion was performed with 50 μg/mL of purified IBs diluted in buffer (50 mM Tris-HCl and 150 mM NaCl at pH 8.0) to a final volume of 1.0 mL. Absorbance was monitored at 350 nm for 100 min (DU®730 UV/Vis Spectrophotometer, Beckman Coulter, Brea, CA, USA). All measurements were made in duplicate, and absorbance obtained was normalized (De Groot and Ventura 2006; Upadhyay et al. 2012; Castellanos-Mendoza et al. 2014) .
Statistical measures
All cultures were grown at least in duplicate. Independent samples and multiple-comparison tests were used to estimate statistical significance of differences in the culture parameters (two-way analysis of variance [ANOVA] and Tukey's posthoc test were used). A threshold significance level of 0.1 was applied.
Results
Study of kinetic parameters in recombinant E. coli cultures producing rESAT-6 using a thermoinducible system
The bacterial growth, glucose consumption, and acetate accumulation were evaluated in shake flasks and bioreactor cultures thermoinduced at 39 and 42°C (Fig. 1) . All cultures were started with an inoculum of 0.1 AU and were compared with non-induced cultures maintained at 30°C as a control (closed dots in Fig. 1 ). The increase in temperature for induction was performed when cells were in pre-stationary phase at 1.4-2.0 AU (~5 h) in shake flasks and 3.0-4.0 AU (~6 h) in bioreactors.
In non-induced cultures (30°C) carried out in shake flasks, the maximal cell biomass concentration (X max ) was 1.74 ± 0.01 g/L, whereas a statistically significant lower X max of 1.54 ± 0.07 and 1.41 ± 0.09 g/L were obtained when cultures were induced at 39 and 42°C, respectively (Fig. 1a, Table 1 ). In bioreactors, almost twice-higher X max was obtained compared to shake flasks; the X max was 3.35 ± 0.17 g/L in noninduced cultures (30°C), while 2.96 ± 0.03 g/L was reached when cultures were induced at 39°C and 3.29 ± 0.07 g/L when induced at 42°C, without significant differences (P > 0.1) (Fig. 1b, Table 1 ). In shake flasks and bioreactors, the specific growth rates before induction (μ s ) were similar (0.59 ± 0.01 h −1 ) as was expected (Table 1 ), since μ s was calculated before the temperature increase. Moreover, no significant differences (P > 0.1) were found in the pre-stationary specific growth rate after induction (μ i ) in shake flask cultures (0.16 ± 0.01 h −1 at 30°C, 0.19 ± 0.03 h −1 at 39°C, and 0.14 ± 0.01 h −1 at 42°C) and bioreactors (0.18 ± 0.01 h −1 at 30°C, 0.18 ± 0.00 h −1 at 39°C, 0.16 ± 0.02 h −1 at 42°C). This suggests that thermoinduction does not affect the specific growth rate in pre-stationary phase, even when the heat stress is present.
In shake flasks, about 40% of the glucose was consumed in all cultures (Fig. 1c) , while in bioreactors, the carbon source was almost completely consumed (Fig. 1d , Table 1 ). No significant differences were observed in the biomass per glucose yields (Y X/S ) between induction temperatures using bioreactors (~0.24 g/g, Table 1 ). However, in shake flask cultures induced at 42°C, Y X/S was 12% lower (0.31 ± 0.01 g/g) than in control non-induced (30°C) cultures (0.35 ± 0.02 g/g) (Table 1) . Additionally, the specific glucose uptake rates in shake flasks (q s , calculated by using the pre-stationary specific growth rate after induction) do not present significant differences between non-induced (0.47 ± 0.05 g/g h at 30°C) and thermoinduced cultures (0.53 ± 0.03 g/g h at 39°C and 0.45 ± 0.01 g/g h at 42°C; Table 1 ). In bioreactor cultures, q s values were higher than those in shake flask cultures, but no significant differences were observed between noninduced and thermo-induced cultures (0.75 ± 0.05 g/g h at 30°C, 0.75 ± 0.02 g/g h at 39°C, and 0.67 ± 0.06 g/g h at 42°C; Table 1 ).
On the other hand, acetate accumulation in thermoinduced cultures at 42°C (6.08 ± 0.67 g/L in shake flasks and 7.37 ± 0.99 g/L in bioreactors) was greater compared to that in non-induced cultures at 30°C (4.99 ± 0.04 g/L in shake flasks and 3.93 ± 0.27 in bioreactors) and those thermo-induced at 39°C (5.30 ± 0.30 in shake flasks and 3.57 ± 0.27 in bioreactors) ( Table 1, Fig. 1e,f) . In thermoinduced bioreactors, the acetate accumulated was consumed during stationary phase. After 14 h of culture at 39°C, acetate decreased to 2.04 ± 0.46 g/L, and, at 42°C, acetate diminished to 1.82 ± 0.54 g/L (Fig. 1f) .
In summary, although there was no glucose limitation in shake flasks, it reached lower biomass compared to ) and acetate accumulation (e,f) of recombinant E. coli ATCC® 53606™ (rESAT-6) in 250 mL shake flasks (a,c,e) and 1.2 L bioreactors (b,d,f) at different induction temperatures. Non-induced culture as a control was kept at 30°C (closed dots), and thermo-induced cultures were heated up to 39°C (closed squares) and 42°C (closed triangles). Thermoinduction (dotted line) of rESAT-6 production was started at OD 600 nm of 1.4-2.0 AU (5 h) in shake flasks and 3.0-4.0 AU (6 h) in bioreactors. Average and standard deviation of at least two independent experiments are shown bioreactors, possibly due to acetate accumulation, decrease in pH, and/or oxygen limitation. To verify this assumption, we recorded dissolved oxygen tension (DOT) online and pH offline during shake flask cultures. The profiles obtained were compared with controlled cultures grown in bioreactors (Fig. 2) .
Dissolved oxygen tension and pH profiles of recombinant E. coli using a thermoinducible system
In shake flasks, an oxygen depletion (DOT = 0% air saturation) was observed from~4.0 to~10.0 h in all cultures (Fig.  2a) . This period coincides with the decline in the specific growth rate and the start of the stationary phase. In the case of bioreactors, DOT oscillated between 20 and 60% around the set point (35%), controlled by agitation in cascade (Fig.  2b) . On the other hand, a decrease in the pH was observed in shake flasks (Fig. 2c) , with a final pH of 5.46 ± 0.02 in noninduced cultures, but, in thermo-induced cultures at 39 and 42°C, 5.13 ± 0.00 and 4.96 ± 0.01 were reached, respectively (Fig. 2c, Table 1 ). This result agrees with the higher acetate accumulation in cultures induced at 42°C. In bioreactors, the pH was automatically controlled close to 7.00 with an interval between 6.45 and 7.35, adjusting with NaOH or HCl 3N (Fig.  2d) .
Analysis of rESAT-6 accumulation in soluble and insoluble fractions
The effect of induction temperature and culture scale on the production of rESAT-6 in the soluble (S), insoluble (I) protein fractions and purified IBs was analyzed (Fig. 3) . We refer to insoluble protein fraction (I) when it was obtained at 30°C (without induction). The IBs are obtained from thermoinduced cultures at 39 and 42°C. We did not find rESAT-6 in the soluble fractions of all cultures. For IBs obtained from shake flasks and bioreactors, a band corresponding to rESAT-6 was seen around 13-14 kDa using SDS-PAGE (lanes 5 and 7 in Fig. 3a ,b, respectively) and was confirmed by Western blot using anti-ESAT-6 rabbit polyclonal antibody (Fig. 3c,d , respectively). This result established that rESAT-6 was Table 1 Growth and production parameters of recombinant E. coli ATCC®-53606 (rESAT-6) using two different culture scales (shake flasks and bioreactors) and two induction temperatures (39 and 42°C). Noninduced culture (kept at 30°C) was used as a control. Data show the mean and standard deviation for at least two independent experiments Parameter Shake flasks Bioreactors The statistical differences between two or more temperatures are represented with a (the result is not significant at P > 0.1) and b (the result is significant at P < 0.1) indices A, The pre-stationary specific growth rate after induction (μ i ) was calculated as the slope of remaining growth after induction (points correspond to 5-11 h in shake flasks and 6-12 h in bioreactors), even in those cultures kept at 30°C B, The maximal concentration biomass (X max ) was reached at 13 h in shake flasks and 25 h in bioreactors (Fig. 1a,b) C, The glucose consumed in shake flasks corresponds to the initial concentration minus the final glucose in culture medium. In bioreactors, the glucose was completely consumed (Fig. 1c,d) D, The biomass per glucose yield (Y X/S ) was calculated using the glucose consumed until the point of the maximal concentration biomass in both systems E, The maximal acetate accumulated in shake flasks was at the end of culture (25 h) and after of 10 h of culture in bioreactors (Fig. 1e,f) F, Total insoluble protein was quantified by the Bradford's method G, The percentage corresponding to the recombinant protein based on the densitometric data generated from the bands identified as rESAT-6 in the SDS-PAGE gels (arrowheads between 10 and 15 kDa, Fig. 3a,b) accumulated entirely in IBs after thermoinduction. In the insoluble fraction (I) of shake flasks and bioreactors noninduced (30°C), a mild band was observed close to 13-14 kDa in SDS-PAGE (lane 3 in Fig. 3a ,b, respectively) and was recognized by the anti-ESAT-6 antibody ( Fig. 3c,d ), indicating an incomplete repression of the pL promoter upstream of the recombinant gene of ESAT-6. The SDS-PAGE gels and Western blots were made for each culture independently, and the duplicates are shown in the Supplementary material (Figs. 1S and 2S) . When cultures were induced, the total protein from IBs was 0.95 ± 0.14 and 0.87 ± 0.23 g/L in shake flasks and 1.35 ± 0.22 and 1.53 ± 0.33 g/L in bioreactors, at 39 and 42°C, respectively (Table 1) . The rESAT6 accumulation in shake flasks was lower, probably due to the lower biomass concentration and/or cells under this condition undergo more stress (oxygen limitation, pH change, and acetate accumulation) compared to those in the bioreactors. Analysis by densitometry in SDS-PAGE gels indicated greater accumulation of rESAT-6 in thermo-induced cultures at 42°C (~16% and~18% in shake flasks and bioreactors, respectively) compared to thermo-induced cultures at 39°C (Fig. 3a,b , Table 1 ).
Expression of chaperones DnaK and GroEL
The expression of two major chaperones of E. coli, DnaK and GroEL, related with protein folding was evaluated in shake flasks and bioreactor cultures under two induction temperatures (39 and 42°C) by Western blot using antibodies against DnaK and GroEL (Fig. 4) . The comparison was made using the same volumes for protein extraction recovered at the end of the cultures. DnaK (~70 kDa) was mostly detected in soluble fractions at 39 and 42°C in shake flasks (lanes 5 and 9, Fig. 4a ), as also in cultures of the wild-type E. coli ATCC 53606 grown at 42°C, used as control (lane 2, Fig. 4a ). DnaK was not observed in IBs (lanes 6 and 10, Fig. 4a ) and 7 and 9, Fig. 4b ). DnaK localizes preferentially on the surface of the IBs produced under chemically induced system and has also been observed in the cytoplasm (Carrió and Villaverde 2005) . In our case, the absence or low detection of DnaK observed in IBs in shake flask cultures was probably due to the effect of culture scale, the low DnaK concentration around the IBs after their isolation from cell, or the exposure time of antibody.
On the other hand, GroEL (~60 kDa) was identified in all evaluated conditions, regardless of induction temperature or culture scale (Fig. 4c,d ). This emphasizes their importance during production of a recombinant protein in E. coli using a thermoinducible system. GroEL was detected preferentially in the IBs of shake flask cultures (lanes 6 and 10, Fig. 4c) . A similar behavior was observed for bioreactor cultures with an enrichment of GroEL in the IBs formed at 39 and 42°C (lanes 7 and 9, Fig. 4d ) compared to soluble fractions (lanes 6 and 8, Fig. 4d ). As in control, in wild-type E. coli ATCC 53606 supernatants, from cultures carried out at 42°C, DnaK (lane 2, Fig. 4a,b) and GroEL (lane 2, Fig. 4c,d ) were detected.
Resistance of rESAT-6 IBs to proteinase-K degradation
To understand the effect of scale and induction temperature on the molecular architecture of IBs, the kinetic degradation by proteinase-K on purified IBs recovered from shake flasks and bioreactors was evaluated (Fig. 5) . This assay consists of incubating the IBs obtained at the different conditions with the proteinase-K and measuring the changes in the absorbance for 100 min as an indicator that the protein within the aggregate is degrading due to the enzymatic action. All IBs obtained showed resistance to proteolytic degradation; however, IBs formed in shake flasks and bioreactors induced at 39°C were degraded~24% more after 100 min of reaction (0.756 ± 0.002 and 0.873 ± 0.004 AU, respectively) co mpa re d with IBs formed under thermoinduction at 42°C (0.905 ± 0.017 and 0.942 ± 0.035 AU, respectively). Moreover, a faster degradation by proteinase-K was observed in IBs harvested from shake flasks than those from bioreactors, since the end of the proteinase-K reaction was reached on first 20 min of incubation (Fig. 5a) , whereas, only~13% and~6% of disintegration was achieved in IBs obtained from thermo-induced bioreactor cultures at 39 and 42°C, respectively (Fig. 5b) . The average rate of IB degradation by proteinase-K was 0.0106 and 0.0048 AU/min in shake flasks induced at 39 and 42°C, respectively, whereas in bioreactors, it was 0.0041 AU/min at 39°C and 0.0015 AU/min at 42°C. 
Discussion
In shake flask cultures, thermoinduction (39 and 42°C) had a slightly negative effect on maximal biomass concentration compared with the non-induced cultures at 30°C (Fig. 1a and Table 1 ). This could be due to the host redirecting a significant amount of energy resources from growth and maintenance toward expression of a heterologous protein, thereby developing a metabolic burden and decreasing biomass yield (Glick 1995; Hoffmann and Rinas 2004; Bentley et al. 1990; Jensen and Carlsen 1990) . Also, in a thermoinducible system, an increase in energy demand is not only associated with cell growth and the production of recombinant proteins but also with the synthesis of heat-shock proteins (Wittmann et al. 2007; Hoffmann and Rinas 2004) . After thermoinduction (30 to 42°C) of recombinant hFGF-2 in E. coli, a significant change in metabolic fluxes occurs . The synthesis of tricarboxylic acid cycle (TCA) enzymes that respond to increased energy demand, such as succinyl dehydrogenase (SdhA) and dihydrolipoamide dehydrogenase (LpdA), was stimulated. With thermoinduction, the cells seem to readjust their metabolic activities according to their energy requirements and, if necessary, at the cost of their biosynthetic capabilities Weber et al. 2002) . On the other hand, the transcriptomic profiles of recombinant E. coli were subjected to 50°C and IPTG induction (Harcum and Haddadin 2006) . These cultures exhibited lower growth rates under double stress, and more than 25% of genes associated with metabolism were affected (Harcum and Haddadin 2006) . During thermoinduction, a higher fraction of the substrate may be required for energy-generating purposes, thereby directing glucose utilization from cell growth toward recombinant protein synthesis, cell maintenance, and response to heat stress (Schmidt et al. 1999) . Furthermore, in shake flask cultures, the major deficiency is the insufficient supply of oxygen through the gas-liquid interface (oxygen-transfer limitation) that affects cell growth (Büchs 2001; Reynoso-Cereceda et al. 2016 ) stressing the culture even more. However, in bioreactors, high values of mass transfer rates and avoidance of oxygen limitation owing to DOT control can be attained. This is reflected in the maximal biomass obtained in bioreactors that is almost two-folds greater than in shake flask cultures (Fig. 1a,b ; Table 1 ). In the same sense, in shake flask cultures, the residual glucose was around 6.0 g/L (Fig. 1c) and the maximal biomass was almost half of that in bioreactor cultures (Fig. 1a,b) . Glucose may not be the growth-limiting factor in shake flasks, but it may be the accumulation of acetate (Luli and Strohl 1990; Roe et al. 2002; Eiteman and Altman 2006) , or oxygen limitation (Li et al. 1992; Reynoso-Cereceda et al. 2016) , or the decrease of the pH in the culture media (Salmond et al. 1984; Maurer et al. 2005) , or the synergistic effect of these factors (Figs. 1e,  2a,c) . On the other hand, the carbon source in the bioreactor cultures was completely consumed (Fig. 1d) owing to oxygen availability and pH control (Fig. 2b,d, respectively) , and, in this case, the entry into stationary phase is associated with glucose depletion (Neubauer et al. 1995; Hewitt et al. 1999) and acetate production (Luli and Strohl 1990; Eiteman and Altman 2006) . In thermo-induced cultures, acetate production has been widely reported Wittmann et al. 2007; Caspeta et al. 2009; Caspeta et al. 2013) and is related to two phenomena-metabolic overflow triggered by glucose excess and oxygen-limitation conditions (Rinas et al. 1989; Lara et al. 2006; Wolfe 2005; Bernal et al. 2016) . In the first case, the rate of accumulation of acetyl-CoA exceeds the rate at which it is fed into the tricarboxylic acid (TCA) cycle, owing to low availability of TCA enzymes and low NADH oxidation rate in the respiratory chain (Xu et al. 1999; Lara 2011; Bettenbrock et al. 2014) . Thus, the metabolic overflow causes the branching of glycolysis toward acetate production (Eiteman and Altman 2006) . In the second case, the oxygen limitation in shake flasks favors the oxidation of accumulated NADH to NAD+ through organic acid production; if NADH is not regenerated, the cell growth is reduced (Losen et al. 2004; Phue and Shiloach 2005) . In the bioreactor cultures, acetate reached its maximum concentration at the beginning of the stationary phase and was then re-assimilated (Fig. 1f) . E. coli can utilize the accumulated acetate as a secondary carbon source in order to maintain cellular homeostasis and survive under stress conditions (Phue and Shiloach 2004; Shiloach et al. 2010) . This phenomenon, known as Bacetate switch,^is accompanied by a molecular change in cells which activates the enzymatic machinery (acetyl-CoA synthase or phosphotransacetylase-kinase) responsible for converting acetate into acetyl-CoA (Wolfe 2005) . In shake flasks, the period of oxygen limitation (DOT near the 0% of air saturation) occurred after 4 h of culture (Fig. 2a) and coincided with the increase in acetate accumulation (Fig. 1e) and consequently with the decrease in the pH of the culture media (Fig. 2c) . The absence of oxygen in E. coli inhibits the expression of many TCA cycle enzymes, branching metabolic pathways to the production of secondary metabolites like acetate (Wolfe 2005) . Oxygen-limited conditions when growing E. coli in shake flasks have been widely documented and are related to the capacity of the agitated container to compensate the oxygen demand of the microorganisms (Büchs 2001; Klöckner and Büchs 2012) . However, the effect of thermoinduction on respiratory activity of recombinant E. coli cultures has not been extensively studied.
Some reports suggest that recombinant protein production by a thermoinducible system can be associated with an increase in respiratory activity of the cells. Prior to thermoinduction, the oxygen uptake rate is lower compared to the carbon dioxide production rate (respiratory quotient < 1); however, after a temperature upshift, both rates are similar (respiratory quotient ≈ 1), indicating a more efficient glucose oxidation (Schmidt et al. 1999) . Furthermore, cultures induced at a constant temperature of 42°C required a higher oxygensparging flow rate to maintain the DOT at the set point (Caspeta et al. 2013 ), suggesting cells under this condition have a higher respiration rate. The enhanced respiration can be directly correlated to the increase in the synthesis rates of plasmid-encoded and stress proteins (Hoffmann and Rinas 2001) . In our experimental conditions, since there was an oxygen limitation in shake flasks and DOT control in bioreactors, it was not possible to observe differences in DOT profiles after thermoinduction (Fig. 2a,b) . Thus, further studies are necessary to understand the phenomenon of oxygen transfer upon temperature induction.
The rESAT-6 was exclusively found in IBs in both induction temperatures (39 and 42°C) in shake flasks and bioreactors (Fig. 3) . The formation of insoluble aggregates of recombinant protein in E. coli has been widely reported (Kane and Hartley 1988; Fink 1998; Hartl and HayerHartl 2002; de Marco et al. 2018) . Upon thermoinduction, the overexpression of a recombinant protein and the temperature increase alters protein folding, which favors their aggregation and accumulation into IBs (Babu et al. 2000; Caspeta et al. 2009; Valdez-Cruz et al. 2010; Caspeta et al. 2013) . Although the ESAT-6 antigen has not been previously expressed in a thermoinducible system, rESAT-6 was found in IBs of E. coli upon chemical induction (Wang et al. 2005; Meher et al. 2006; Vutla et al. 2011; Peng et al. 2016 ). Likewise, rESAT-6 has been observed in the soluble fraction of E. coli cytoplasm upon using low IPTG concentration (0.1 mmol/L) and low temperature (28°C) (Pimienta-Rodríguez et al. 2012 ).
An important contribution of this paper to the current knowledge about thermoinducible systems is the differential expression of DnaK and GroEL chaperones in relation to induction by temperature and culture scale. DnaK was preferentially detected in the soluble fractions of thermo-induced shake flasks and bioreactor cultures (Fig. 4a,b ). This could be owing to the fact that DnaK is part of the first complex of chaperones (in conjunction with TF chaperone-trigger factor-and DnaJ-GrpE co-chaperones) that directly receive the nascent polypeptide chains from the ribosome, where large and compact aggregates have not formed (Szabo et al. 1994) . In contrast, GroEL was expressed in all conditions but in larger amounts in IBs (Fig. 4c,d ). This result is supported by the previous study of Carrió and Villaverde (2003) where the importance of GroEL during the aggregation process was demonstrated. Deficient GroEL mutants reduce the extent of protein aggregation and prevent IBs from being assembled from small protein aggregation cores (Carrió and Villaverde 2003) . Although GroEL is overexpressed under thermal shock, this protein is also required for cell growth over a wide range of temperatures (from 17 to 42°C), but DnaK is preferably required only at high temperatures (Fayet et al. 1989; Kusukawa and Yura 1988) . In thermo-induced cultures, an increase between 3.2-and 9.9-fold of GroEL protein has been reported, representing 21% of all synthesized proteins (Yamamori et al. 1978; Caspeta et al. 2009; Valdez-Cruz et al. 2011) . Moreover, DnaK has been detected on the surface of recombinant VP1LAC IBs and some amounts in the E. coli cytoplasm by in situ immunodetection, but not inside the aggregates. In contrast, GroEL was preferentially distributed inside IBs (Carrió and Villaverde 2005) .
For an E. coli thermo-induced system (from 30 to 42°C), only DnaK was observed in the purified recombinant protein fractions from bioreactor cultures and not in the fractions from shake flask cultures (Yang and Enfors 1996) . The oxygen limitation and/or the pH change (associated with the production of organic acids) in shake flasks might be the determinants in the limited expression of heat-shock proteins (as observed with DnaK and GroEL in Fig. 4) . In order to quantify this phenomenon, it will be necessary to use more powerful tools, such as two-dimensional difference gel electrophoresis (2D DIGE) or mass spectrometry.
The differences in the expression of DnaK and GroEL in IBs (in shake flasks and bioreactors at two temperatures) allow us to propose that a possible biotechnological strategy might be the manipulation of the post-induction conditions, in order to modify the expression of the heat-shock proteins. For example, the presence/absence of GroEL and DnaK indicates the partial unfolded/misfolded ratio of the recombinant protein produced (de Marco et al. 2000) . Moreover, IBs are normally bigger and with more similar folding to the native protein without the presence of DnaK, when compared to the IBs produced in the wild-type E. coli strain (GonzalezMontalban et al. 2007; Garcia-Fruitos et al. 2007 ).
On the other hand, proteinase-K exhibits its activity against globular domains and disordered regions of proteins but not against amyloid fibrils (Sabaté et al. 2010; Macedo et al. 2015) . Since partial amyloid structures have a protein core, they will be less resistant to proteinase-K (Chiti and Dobson 2006) . In this sense, IBs from cultures, in both shake flasks and bioreactors, induced at 39°C, were less resistant to proteinase-K than IBs formed in cultures induced at 42°C. Also, IBs obtained from shake flasks were more susceptible (Fig. 5a ) compared with IBs obtained from bioreactors (Fig.  5b) . These results indicate that IBs from cultures thermoinduced at 42°C were highly compacted and structured (major β-sheet conformation) compared to those from cultures at 39°C. To the best of our knowledge, there is no mechanism that can explain the formation and structuring of IBs in thermo-induced systems, since many factors are involved in the degree of compaction. However, the stability of the hydrophobic interactions and structural compaction are likely reinforced with the increase of temperature. Therefore, future studies are necessary to better understand the thermodynamics of IBs obtained during the production of a recombinant protein using a thermoinducible system.
